membrane peroxidase substrate (Kirkegaard & Perry Laboratories)]. The specific and localized precipitation of TMB on the diffraction pattern causes a signal increase. We again performed internal calibration by use of the ratio of the signal generated by the TMB precipitation to the signal generated by the binding events (Fig. 1D) ; alternatively, a ratio of binding rates can be used, obviating the need to observe reactions until saturation. We repeated this experiment over a range of calibrator concentrations and generated the calibration curve shown in Fig. 1E . Each point is the mean of a duplicate or triplicate determination. The curve spans 31.25 to 2500 ng/L (ϳ4 -300 pmol/L). The lowest value reported is 2 SDs above the mean determination for the zero analyte control. Several clinically relevant decision points are highlighted in Fig. 1E .
In conclusion, we demonstrated that the dotLab system can be used to detect a clinically relevant analyte over a wide range of concentrations in complex media. The observation of real-time binding can reduce the time required to obtain results, because quantification based on rate measurement is inherently more rapid than endpoint determinations. For the assay developer, real-time binding observations help identify unwanted reagent interactions that may be sources of background interference or noise. The detection and capture molecules can be modified to quantify other biomolecules such as DNA; we have detected the hybridization of cDNA strands (not shown). Thus, our method lends itself to the detection of many types of analytes.
The simple, robust optics technology at the core of the current compact bench-top platform can be readily deployed, as in the current stand-alone system, or incorporated into various other platforms in the central laboratory and for bedside patient testing. Cervical cancer kills 230 000 women annually. Lowresource regions of the world are disproportionately burdened with 80% of the cases. Efficient screening methods are the key to decreasing the death toll from this disease. High-risk human papillomavirus (HPV) types have been identified as the etiological agent for Ͼ99% of cervical cancers. Infection with HPV is ubiquitous and is often resolved by the host. High-risk HPV infections leading to cervical cancer require the production of both HPV E6 and E7 oncoproteins (1) (2) (3) (4) (5) . Thus, an assay capable of detecting high-risk HPV E6 from cervical swab samples may have a high positive predictive value and may help to accurately identify women at increased risk of progression to cancer.
A Magnetic Immunochromatographic
Internal studies have shown that cervical cancer cell lines produce ϳ1 ng of E6 per 1 000 000 cells (data not shown). Work is continuing to quantify E6 amounts in cervical cell samples from clients with cancer, high-grade lesions (cervical intraepithelial neoplasia 2/3), and lowgrade lesions (cervical intraepithelial neoplasia 1). Protein determinations performed on provider-collected cervical swabs indicate that the swabs collect 500 000 to 2 000 000 cells.
PDZs (named for the first 3 described domain-containing proteins-postsynaptic density 95, Drosophila large disc, and zona occludens) are a conserved class of protein domains that engage in protein-protein interactions by binding PDZ ligands (PLs). PLs usually consist of short C-terminal sequences following the general motif: X-S/T-X-V/L. Cellular proteins exhibiting PDZ domains fulfill widespread biological functions, including cell-to-cell contact, intercellular signaling, and cell polarity. Numerous viruses encode proteins that have PLs, thus allowing the viral protein to interact with cellular PDZ domain-containing proteins. E6 proteins of only high-risk HPV types interact with PDZs (6 -9 ). Arbor Vita Corporation and PATH, a nonprofit, international health agency, have collaborated on the development of an assay based on the specific interaction of high-risk HPV E6 with PDZ protein and detection via an anti-HPV E6 monoclonal antibody. A sandwich ELISA has been developed and is now being adapted to an immunochromatographic strip platform for use in low-resource settings.
The nearly complete set of PDZ domains present in humans were generated as prokaryotic recombinant fusion proteins and screened for binding to high-risk HPV E6 with an ELISA approach. Fig. 1A shows a subset of the data generated. PDZ 88 demonstrated high affinity to high-risk HPV E6 but not to low-risk HPV E6. E6 PL sequences representing all known high-risk HPV E6 were tested, and PDZ 88 interacted with all of them with greatest binding strength. Therefore, PDZ 88 was selected as the capture reagent. The recognition of PDZ 88 to only high-risk HPV E6 (e.g., HPV types 16, 18, 33, 35, 52, 58, and 66) but not low-risk HPV E6 (e.g., HPV types 77 and 57) provides a high degree of selectivity for the assay.
Antibodies to HPV E6 from high-risk HPV types were generated. The antibodies were screened for affinity and cross-reactivity with other HPV E6. The antibody with the strongest reactivity to HPV-16 E6 was selected as the detector.
The magnetic immunochromatographic strip was selected for evaluation as the assay platform on the basis of ease of use and acceptability in low-resource settings, inherent sensitivity of the technology, and the ability to quantify results. MagnaBioSciences has developed a magnetic immunochromatographic test platform including an assay cassette and reader that is suitable for developing quantitative assays for a variety of analytes. The assay described here was developed on this platform. Additional studies for the method have shown that strip-tostrip reproducibility yields a CV of Ͻ10%, and reader reproducibility yields a CV of 1.5% (data not shown).
The PDZ capture reagent was immobilized on a nitrocellulose membrane. Assays were assembled with a laminate backing, membrane with immobilized PDZ, hydrophilic sample pad, absorbent pad, and membrane cover tape. Test strips were cut to a width of 7.5 mm. The soluble-phase detection antibody was covalently conjugated to superparamagnetic particles.
Doubling dilutions of recombinant HPV-16 E6 from 332 to 5.2 g/L were prepared in the proprietary assay running buffer containing Tris, surfactants, and blocking agents. The detection reagent was mixed with the sample, and 250 L was applied to the strip. On migration of the sample, the strips were inserted into the magnetic strip reader. The strip reader generated data curves. Peak height was selected, and data were reported as relative magnetic units (RMUs).
The assay cutoff was conservatively set at 3 times the mean RMU of the negative controls. The RMU value for each sample was divided by the cutoff. Samples Ͼ1 were considered positive.
Lower amounts of the target protein led to lower RMU values (Fig. 1B) . Strips titrated with recombinant HPV-16 E6 and read on the magnetic strip reader exhibited a linear response.
An initial prototype of the magnetic immunochromatographic strip assay is capable of detecting recombinant HPV-16 E6 down to 2.6 ng/assay (ϳ2 600 000 cells). An early version of the assay in an ELISA format detected oncogenic E6 from cervical cancer cell lines down to 30 pg/assay (ϳ30 000 cells). Future steps include further optimization to decrease detection limits and evaluation of cell cultures and cervical cell swabs from clients. Once utility with HPV16 is demonstrated, additional high-risk HPV types will be added to the assay. There is growing interest in the development of ultrasensitive immunoassays to facilitate validation of novel biomarkers, especially serum biomarkers, and the application of those assays in clinical settings (1 ) . Current assays focus predominantly on abundantly produced protein biomarkers, such as cardiovascular structural proteins that leak into the bloodstream, and less so on lower abundance cytokines and chemokines (2 ) . Even rarer markers, such as those released from cancerous cells into the bloodstream, remain more elusive (3 ) . Approaches that exploit recent technological advances in molecular imaging, especially at the single-molecule level (4 ) , are likely to improve the detection limits of the immunoassay, and therefore enable improved detection of these markers.
Microfluidic sample delivery and confocal microscopic detection of labeled biomolecules are useful for detecting targets of interest (5, 6 ) . Two-color correlation counting
